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Introduction
Angular and linear measurements performed on lateral cephalometric radiographs (LCR) play a pivotal role in orthodontic routine diagnostics. Introduced in the 1930s [1] and further developed over many decades, lateral cephalometric analysis on LCR has remained the standard method in clinical routine until today. By assessing skeletal and dental relationships, it allows diagnosis and monitoring of various growth and development abnormalities [2] . For example, lateral cephalometric analysis is important for the evaluation of severe skeletal malocclusions and for the planning of orthodontic appliances or orthognathic surgery [2, 3] . Radiation protection is of major importance in orthodontics, as the vast majority of patients are children or adolescents and as in most cases a series of radiographs is taken in the course of treatment. Because of the increased lifetime risk for stochastic radiation effects [4] [5] [6] , it would be desirable to perform imaging in complete absence of ionizing radiation.
As magnetic resonance imaging (MRI) is not associated with radiation exposure and capable to generate geometrically accurate datasets, it may evolve as a promising modality for cephalometric analysis as applied in orthodontics or related disciplines such as orthognathic surgery. Along with recent technical milestones, MRI is moving into focus in dental imaging [7] . Modern MRI methods can visualize dental and periodontal structures excellently due to increased field strength [8] , parallel imaging techniques [9] and dedicated coil systems [10] [11] [12] . Reasons for the lack of MRI studies in orthodontics might be linked to specific requirements that have to be fulfilled to enable comprehensive and differentiated lateral cephalometric analysis. From the young patients' perspective, examination time should be as short as possible and the procedure needs to be welltolerated. Simultaneously, a large field of view is necessary to cover all relevant anatomic landmarks and the generated images must enable clear identification of dental as well as skeletal structures. Finally, image postprocessing should allow the performance of all established measurements required for treatment planning in correspondence to the measurements taken on LCR.
Here, we present an application-optimized, isotropic MRI technique that meets these criteria and a postprocessing algorithm that allows to transform the acquired MRI datasets into lateral cephalograms including the relevant midsagittal and bilateral landmarks. Based on this approach, a prospective in vivo study was performed to compare a series of well-established angular and linear measurements on LCR to those on corresponding MRI derived lateral cephalograms. The null hypothesis of non-equivalence was rejected if the measurements on LCR and MRI were within a low and clinically acceptable tolerance level of ± 2 mm and ± 2˚, respectively. The purpose of the study was to evaluate whether MRI can be equivalent to LCR ("gold standard") in cephalometric analysis.
Materials and methods

Ethics and funding
This prospective study was approved by the local research ethics committee of the University of Heidelberg (approval number: S-294/2014). Written informed consent was obtained from the patients, in case of minority from their parents as well.
Patients
Twenty-one patients with various orthodontic disorders were enrolled in the study before treatment. Exclusion criteria were fixed orthodontic appliances, metal restorations, severe facial asymmetries, missing permanent incisors, no occlusion of either first premolars or second deciduous molars, contraindications to MRI and insufficient image quality of LCR or MRI. One patient had to be excluded because of head rotation around the vertical axis on LCR. Accordingly, 20 patients (8 females) were available for analysis. Mean age ± standard deviation was 13.95 years ± 5.34 (range, 8-26 years).
Lateral cephalometric radiographs
All LCR were acquired using the imaging system Orthopos XG 3D
ready Ceph with a CCD line sensor (Sirona Dental Systems, Bensheim, Germany) at 72 kV, 15 mA, an exposure time of 9.4 s and a source-midsagittal plane distance of 1.5 m. Pixel size was 0.027 mm 2 . A 50 mm calibration ruler for magnification correction was integrated in the vertically aligned nose support of the device.
MRI examinations
All MRI examinations were performed at a 3T MRI system (MAGNETOM Trio TIM; Siemens Healthcare, Erlangen, Germany) with a 16-channel multipurpose coil (Variety; Noras MRI products, Hoechberg, Germany). Apart from standard localizer sequences, a T1 weighted, isotropic SPACE (sampling perfection with application optimized contrasts using different flip angle evolution) sequence with an examination time of 6:59 min was conducted. This sequence included GRAPPA (generalized autocalibrating partially parallel acquisitions) for parallel imaging with an acceleration factor of 2, effective resolution was 0.68 mm 3 . Detailed sequence parameters are shown in Table 1 . The field of view covered all relevant midsagittal and bilateral cephalometric landmarks. Prior to examination of study participants, the applied MRI technique was tested for geometric accuracy using the large ACR MRI Accreditation Phantom. According to the Phantom Test Guidance [13] , seven measurements of known values were taken (1 end-to-end measurement with a known value of 148 mm, 6 diameter measurements each with a known value of 190 mm). 
Cephalometric analysis of LCR and MRI
Lateral cephalometric analysis was performed on LCR and MRI cephalograms in DICOM format using dedicated software for cephalometry (Romexis v4.0.0; Planmeca, Helsinki, Finland).
A customized analysis protocol with measurements widely used in orthodontic routine was predefined including Steiner's analysis [14] , the analysis module of the European board of Orthodontics [15] and Wits appraisal [16] . After calibration to the protocol, two independent observers (observer I: AH; observer II: SZ, an orthodontist with 8 years of experience in dental imaging) performed cephalometric analysis twice on each patient for both modalities with an interval of 4 weeks. Observers were blinded to the patients' identities. All LCR were corrected for magnification with a known 50 mm distance on the calibration ruler. Eight bilateral and 10 midsagittal landmarks were traced (Fig 1) . From these landmarks 14 angular and 10 linear measurements (Table 2) were performed automatically.
Statistical analysis
Statistical analysis was performed with software (R version 3.3.1; R Foundation for Statistical Computing, Vienna, Austria). For all measurements, intra-and interobserver agreement was analyzed by intraclass correlation coefficient (ICC). Bland-Altman analysis was used to assess the agreement between the two modalities [17] for each type of measurement with average values of the two time points and two investigators. Statistical analysis aimed to test for equivalence between the corresponding measurements on LCR and MRI. In this approach, equivalence can be claimed when the confidence interval of the difference in outcome between the compared groups is within a predetermined equivalence margin that can be justified clinically and scientifically [18] . Equivalence testing between LCR and MRI was carried by two onesided tests (TOST) with α = 0.05 and a 1─2α confidence interval [19] , also using average values of the two time points and two investigators. Prior to testing, equivalence margins (± θ) of ± 2 mm and ± 2˚were defined, referring to clinically acceptable levels of variance for lateral cephalometric analysis as published before [20, 21] . Null hypothesis of TOST was that the two mean values were not equivalent. If the 1-2α confidence interval was completely contained within the ± θ interval, the null hypothesis was rejected and the two datasets were considered equivalent (p-value < 0.05).
Results
According to the ACR Phantom Test Guidance [13] , all seven measurements performed with the MRI sequence used in the study (Table 1) were congruent with the known values of the ACR Phantom. Both observers showed very high intraobserver agreement for MRI measurements, average (± SD, range) intraobserver ICC were 0.977 (± 0.019, 0.926-0.996) for observer I and 0.975 (± 0.017, 0.937-0.992) for observer II. Similar intraobserver ICC were observed for the LCR Interobserver agreement was excellent for MRI with an average (± SD, range) ICC of 0.980 (± 0.014, 0.938-0.997). In comparison, interobserver agreement for LCR was also excellent, but moderately lower compared to MRI with an average (± SD, range) ICC of 0.929 (± 0.106, 0.467-0.996). Intraobserver and interobserver ICC for all measurements are shown in Table 3 .
Bland-Altman analysis revealed high of levels agreement between the two modalities for all measurements, bias range (mean ± SD) was -0.66 to 0.61 mm (0.06 ± 0.44) for linear and -1.33 to 1.14˚(0.06 ± 0.71) for angular measurements (Table 4) . Exemplary Bland-Altman plots according to Steiner's analysis [14] are shown in Fig 3. At the predefined equivalence margins (± θ) of ± 2 mm / ± 2˚statistical equivalence between MRI and LCR was observed in 23 out of 24 measurements (p < 0.05), only for the interincisal angle (Ui/Li) the null hypothesis of nonequivalence could not be rejected (p = 0.17) ( Table 4 ). This result is in line with the corresponding Bland-Altman analysis, where Ui/Li showed the highest bias (-1.33˚) and the widest 95% limits of agreement (-7.22˚, 4.56˚) of all measurements (Table 4, Fig 3) . 
Discussion
In particular in children and adolescents, avoidance of radiation exposure is crucial. In this study, we aimed to show equivalence of MRI to radiographs in lateral cephalometry as a basis for orthodontic treatment planning. To our knowledge, MRI based standardized lateral cephalometric analysis including midsagittal as well as bilateral landmarks has not been evaluated before. An isotropic T1-weighted sequence with excellent contrast, high spatial resolution and short scanning time formed the basis for our new approach. Images yielded from this MRI technique allowed a clear depiction of the dental and skeletal cephalometric landmarks. The subsequent postprocessing algorithm enabled the transformation of the isotropic MRI datasets into lateral cephalograms covering the midsagittal and bilateral landmarks necessary for diagnostics and treatment planning in orthodontics. Based on these generated lateral MRI cephalograms it was possible to perform a detailed cephalometric analysis with a broad spectrum of measurements as used in orthodontic routine. Linear and angular cephalometric measurements taken on lateral MRI cephalograms turned out to be highly reliable as interobserver and intraobserver agreement was excellent. As a principal finding, we found high levels of agreement between the measurements on lateral MRI cephalograms and the corresponding measurements on LCR in a clinical environment by examining young patients with various orthodontic abnormalities. Statistical equivalence between the two modalities was shown for 23 out of 24 measured distances and angles within a strict predefined equivalence margin of ± 2 mm / ± 2˚. The only measurement without statistical equivalence was the interincisal angle, which also showed a slightly higher bias level in Bland-Altman analysis in comparison to the other cephalometric measurements. This, however, was not an unexpected finding, as the interincisal angle is prone to measurement errors when performed on LCR [22, 23] . Nonetheless, the mean difference of -1.33˚in Bland-Altman analysis still indicated a low and clinically tolerable bias for the interincisal angle. Considering the overall high concordance with LCR ("gold standard") and the absence of radiation exposure, lateral cephalometric analysis for the assessment and monitoring of orthodontic conditions could be performed by MRI in the future to keep radiation dose in young patients as low as possible. Even though mean differences between LCR and MRI were generally low, they should be analyzed thoroughly. As intra-and interobserver reliability were consistently high for both modalities, the slight differences were presumably due to systematic errors. Like all radiographic techniques, LCR are accompanied by distortion and magnification [22, [24] [25] [26] . As we proved geometric accuracy for the applied MRI technique by standardized phantom measurements, it is most likely that the slight differences for angular and linear measurements predominantly derived from LCR. Considering that studies comparing conventional computed tomography (CT) or cone-beam computed tomography (CBCT) to LCR showed very similar differences in lateral cephalometric measurements [21, 27, 28] and that CT-techniques are geometrically accurate under normal conditions [29] , it is legitimate to compare these results to ours. The hypothesis that intrinsic limitations of LCR were the main error source in the present study is strongly supported by ex vivo studies, which showed very high concordance between measurements on MRI and CT [30] or MRI and CBCT [31] [32]. An essential element of our feasibility study was a MRI technique with the potential to become a routine application for orthodontic treatment planning. It should be highlighted that we were able to provide a short protocol which was well-tolerated by the children and adolescents who participated in the study. Including patient positioning and planning on standard localizer sequences, the MRI examinations were performed within a total time of about 10 minutes leading to high compliance without relevant motion artifacts.
Our study aimed to compare MRI with LCR due to high relevance in orthodontic routine. However, potential capabilities of the applied MRI technique are not restricted to lateral cephalometry. The second important radiographic image tool in orthodontics are panoramic radiographs (PR), typically used for evaluation of dental development, unerupted or supernumerary teeth and alveolar bone morphology [33] . As of principle, such analyses are also feasible on MRI datasets as acquired in our study. If future studies showed equivalence between MRI and PR, the latter could be avoided providing the possibility of orthodontic imaging without any radiation exposure. Furthermore, isotropic MRI datasets have the potential to perform threedimensional (3D) cephalometric analysis, which might lead to more differentiated and conclusive diagnoses compared to two-dimensional radiographs. Several approaches for 3D cephalometry have been made based on CT and CBCT, but reliable procedures could not be established due to the lack of comparative norms [34] . By contrast, non-ionizing MRI provides the possibility to establish proper standards of 3D cephalometry, as the whole spectrum of orthodontic conditions including normal collectives and patients with slight malconditions could be analyzed. Another advantage of MRI over X-ray methods is the visualization of soft tissues. This a key point for future studies, as there are no objective methods to monitor changes in soft tissues under therapy [35] . A limitation of the present study was that the true values of the cephalometric measurements were not known. Even though lateral cephalometry on LCR is the "gold standard", it is prone to measurement errors as described above and therefore should not be used as a reference standard in a diagnostic accuracy study. Thus, accuracy for MRI can only be claimed for the phantom measurements, but not for in vivo data.
A further limitation was that MRI datasets had to be postprocessed to generate the lateral cephalograms necessary for data analysis. Specific postprocessing software was required and the algorithm could only be performed with sufficient user experience. However, this limitation is not surprising regarding the framework of a feasibility study aiming at introducing this new approach of MRI based cephalometric analysis. As a next step, we suggest the implementation of software solutions allowing user-friendly and time-efficient postprocessing of primary MRI datasets into lateral cephalograms. Ideally, only sagittal MPR and selection of slices with the relevant landmarks will have to be performed by the user in such applications. All subsequent steps to the final lateral cephalogram could then be computed fully automated without user interaction. Furthermore, future software for MRI based cephalometric analysis should be integrated into existing standard software to facilitate broad application in clinical routine.
Conclusions
In conclusion, this study shows that full lateral cephalometric analysis as applied in orthodontics is feasible based on postprocessed MRI datasets. There was a high concordance with equivalent measurements taken on LCR, which is the standard method in clinical routine. Our MRI based approach for the first time enables the assessment of orthodontic conditions by using clinically standardized analysis methods in absence of radiation exposure to the mostly young patients. The short and well-tolerated examination protocol applied in our feasibility study could be integrated into clinical routine. Further studies with large patient populations using different MRI systems should be conducted to support our findings and to evaluate whether MRI and LCR are equivalent in lateral cephalometric analysis under the most diverse clinical and technical conditions. Moreover, our MRI technique has the potential to overcome the limitations of projection radiography in the future.
